1. Introduction {#sec1}
===============

Heart failure (HF), being a complex pathology that derives from several different conditions such as idiopathic cardiomyopathy, myocardial infarction (MI), inflammatory diseases, pressure overload and volume overload \[[@bib1]\], is one of the main causes of morbidity and mortality worldwide. Despite distinct etiologies of cardiac disease, they all share a common myocardial response at molecular, cellular and biochemical levels \[[@bib2]\], which lead to clinical manifestations due to major morphological alterations of the heart. The end result is the impairment of cardiac pumping capacity accompanied by genetic re-programming of fetal genes, higher vulnerability to necrotic or apoptotic gene programs and dysfunctional vascular remodeling \[[@bib3]\].

Cardiomyocytes (CMs), the major cardiac contractile cellular unit, are unable to complete the cell cycle division after the perinatal period and respond to chronic stress conditions by becoming hypertrophic. This growth is beneficial at onset as it improves cardiac contractility, but becomes detrimental when prolonged and eventually leads to HF \[[@bib4]\]. The profound changes that the myocardium undergoes during HF result not only from a direct response of the CMs but are rather a concerted reaction involving all other cardiac cell types such as endothelial cells (ECs), fibroblasts (FBs), smooth muscle cells (SMCs) and immune cells. Cell-to-cell interactions are fundamental not only to maintain tissue and organ integrity and homeostasis but also to induce adaptive changes in response to external stimuli. Cells can interact in many different ways including direct cell-to-cell communication, release of chemical compounds, electrical stimuli, extracellular matrix (ECM) interactions and long-distance communication. As short-range communication is often not sufficient to respond to specific stimuli \[[@bib5]\], in the past decade more interest has been directed to the contribution of extracellular vesicles (EVs) which have been found to be released by most cell types and detected in most body fluids \[[@bib6], [@bib7], [@bib8], [@bib9], [@bib10]\]. By allowing long-range cellular communication, EVs could therefore, account for horizontal gene transfer between cells \[[@bib11]\]. The aim of the present review is to critically review the current research on EVs, mainly exosomes, their ability to alter cardiac function and the mechanisms driving their effects in the context of heart failure.

2. Extracellular vesicles {#sec2}
=========================

EVs are very stable cargos, secreted by different cell types, able to transport a range of small molecules such as messenger RNA (mRNA), microRNA (miRNA), long non-coding RNA (lncRNA), small amounts of DNA and low molecular weight lipids and proteins (including transcription factors and cytokines) \[[@bib12]\]. Despite the nomenclature not being well established yet and a recent study proposing new subdivisions \[[@bib13]\], EVs have been mainly classified based on cell of origin and size into three main subgroups: microvesicles (MVs) (0.1 μm--1 μm), exosomes (20 nm--100 nm) and apoptotic bodies (ABs) (0.5 μm--2 μm) \[[@bib14]\]. Accordingly, exosomes and MVs are formed in distinct ways. While MVs and ABs are assembled by budding from the plasma membranes, exosomes are raised from the endosomal vesicles and therefore, formed as intraluminal vesicles (ILVs) by inward budding of the limiting membrane of the multivesicular bodies (MVBs). This budding allows the internalization of small proteins, mRNAs, miRNAs and DNA. The exosomes will then be released when the MVBs fuse with the cell membrane \[[@bib15]\].

The way exosomes interact with the target cells can also differ. They can fuse in a non-selective way, releasing their content into the target cell; there can be a hemi-fusion followed by a complete fusion between the exosome and the cell membrane; exosomes can also be internalized by phagocytosis; studies have also shown specific interactions among exosomes and target cells mediated by extracellular matrix components \[[@bib16]\]. It is important to underline that exosomes, coming from different cell types, carry similar surface markers such as HSP70, tetraspanins CD9 and CD63 \[[@bib17]\]. Characterization of exosomes may be difficult since these markers are common for exosomes, but they can also be found in other EVs. Furthermore, exosomes do not always express the same protein marker as the cell they are secreted from \[[@bib17]\]. Therefore, to properly characterize exosomes, different aspects have to be combined: surface markers (western blot, flow cytometry and mass spectrometry), size (nanoparticle tracking analysis and electron microscopy) and shape (electron microscopy) \[[@bib18]\]. Although ample literature describes protocols on the purification of EVs, there is not yet a golden standard method for the isolation of exosomes \[[@bib18]\] and while most of the procedures yield relatively high concentration of exosomes, their purity remains questionable by containing certain amounts of MVs and/or other EVs, mostly due to overlapping size distributions. The method of EV isolation should always be taken into account for each individual study as it determines the type of EV content in each preparation. The most common isolation methods are: density-gradient centrifugation (DGC), sucrose cushion centrifugation, gel-permeation chromatography (GPC), affinity capture (AC), microfluidic devices, synthetic polymer--based precipitation and membrane filtration. However, these techniques result in different yields and purity \[[@bib19]\]. The issues related with different EV purification and isolation methods have recently been extensively reviewed \[[@bib20]\]. Besides the above-mentioned issues, *in vivo* tracing of exosomes in the heart is also a major challenge. Recently, EV uptake was visualized in cancer cells by using a Cre-LoxP system *in vivo* \[[@bib21],[@bib22]\]. Exosomes released from Cre^+^ cells and containing Cre are taken up by recipient reporter cells which will switch from red to green upon Cre-recombination. Cells that did not incorporate exosomes remained red \[[@bib22]\]. This refined technique, by allowing discrimination of the donor cell type and to understand the process and timing of EV release may be a promising approach to trace *in vivo* EV release, in the cardiac system.

In 2007 Valadi et al. \[[@bib11]\] described, for the first time, the presence of RNA and miRNA in exosomes as important biological cargoes participating in cellular crosstalk and that can be functional in the recipient cells \[[@bib11]\]. MiRNAs are a class of highly conserved, small (∼22 nucleotides), single stranded, endogenous noncoding RNAs that are able to suppress gene expression by degradation or translational repression of specific target mRNA(s). It is now clear that miRNAs are not randomly incorporated into exosomes but are, instead, selectively exported to exosomes at constant ratios which can vary under specific pathophysiological conditions \[[@bib23]\]. The importance of miRNA content and their dysregulation in many (patho)physiological processes is currently well established in the cardiovascular field.

3. CELL-TO-CELL communication in heart failure {#sec3}
==============================================

Despite different HF etiologies, the myocardium mostly responds by undergoing significant changes at a molecular, cellular and biochemical levels \[[@bib2]\]. These modifications lead to clinical manifestations and major alterations in heart shape and size, insufficient blood supply to the rest of the organism and the end-stage of a failing heart being characterized by genetic re-programming of fetal genes, higher vulnerability to necrotic or apoptotic gene programs and dysfunctional vascular remodeling \[[@bib3]\].

Rather than only CMs, that account for one third of the whole myocardium, other cell types such as ECs, FBs, SMCs and immune cells also need to act in a tightly coordinated manner to account for the profound changes that the myocardium undergoes during HF. Additional to secretion of growth factors and other signalling molecules, intercellular EV-mediated contacts also play a role at long distances \[[@bib24]\]. In fact, EV-mediated communication may be more efficient, not only because cargo within EVs is protected from the surrounding environment through the EV membrane but also due to the possibility of EVs delivery to specific target cells and offering therefore, a more specific effect. EVs have been increasingly associated with pathophysiological processes and investigated as biomarkers in cardiovascular diseases (CVDs) and associated metabolic disorders \[[@bib25],[@bib26]\]. Below, we will consider the current knowledge regarding EV-mediated miRNA transfer among different cardiac cell types in CVDs, mainly HF (see [Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}).Fig. 1Cardiac intercellular transfer of microRNAs.Fig. 1Table 1Cardiac intracellular transfer of microRNAs through extracellular vesicles.Table 1miRNASecretory CellsRecipient CellsFunctionEv TypeReferencesmiR-1SerumN/ABiomarkerexosomes\[[@bib101]\] \[[@bib103]\]miR-1HL-1N/ABiomarkerexosomes\[[@bib103]\]miR-17N/AN/ASuppress monocyte differentiationN/A\[[@bib91]\]\]miR-19aBone marrow-derived mesenchymal stem cellsCardiomyocytesInhibit CM apoptosis, cardiac protectionexosomes\[[@bib77]\]miR-20aN/AN/Asuppress monocyte differentiation, induce cardiac hypertrophyN/A\[[@bib91]\]miR-21\*FibroblastsCardiomyocytesinduce cardiac hypertrophyexosomes\[[@bib51]\]miR-21Immature dendritic cellsN/Aregulate inflammatory response, differentiation hematopoietic cellsmicrovesicles\[[@bib81]\] \[[@bib82]\]miR-21Induced pluripotent stem cellsCardiomyocytesreduce cardiomyocyte apoptosisexosomes\[[@bib71]\]miR-22Mesenchymal stem cellsCardiomyocytesreduce cardiomyocyte apoptosisexosomes\[[@bib73]\]miR-22Mesenchymal stem cellsCardiac stem cellscardiac protectionexosomes\[[@bib73]\] \[[@bib76]\]miR-23N/AN/Acardiac developmentexosomes\[[@bib109]\]miR-24Mesenchymal stem cellsN/Acardiac remodeling post-MIexosomes\[[@bib74]\]miR-24PlasmaCardiomyocytesreduce apoptosis, reduce scar formationexosomes\[[@bib99]\]miR-27, miR-28FibroblastsCardiomyocytesupregulate cardiac stress genesexosomes\[[@bib52]\]miR-29bCardiomyocytesN/Areduce cardiac fibrosisexosomes\[[@bib29]\]miR-29Mesenchymal stem cellsN/Acardiac remodeling post-MIexosomes\[[@bib74]\]miR-30N/AN/Acardiac developmentexosomes\[[@bib109]\]miR-34FibroblastsCardiomyocytesupregulate cardiac stress genesexosomes\[[@bib52]\]miR-34Mesenchymal stem cellsN/AInduce fibrosis, inflammationexosomes\[[@bib74]\]miR-34aSerumN/Abiomarkerexosomes\[[@bib100]\]miR-34aImmature dendritic cellsN/Aregulate inflammatory responsemicrovesicles\[[@bib81]\] \[[@bib82]\]miR-99N/AN/Acardiac developmentexosomes\[[@bib109]\]miR-106N/AN/Asuppress monocyte differentiation, induce cardiac hypertrophyN/A\[[@bib91]\]miR-125b-5pMature dendritic cellsN/Aregulate inflammatory responsemicrovesicles\[[@bib81]\] \[[@bib83], [@bib84], [@bib85]\]miR-126Endothelial cellsEndothelial cellsinduce CXCL12 releaseapoptotic bodies\[[@bib42]\]miR-126Adipose-derived stem cellsN/Acardiac protectionexosomes\[[@bib78]\]miR-130Mesenchymal stem cellsN/Ainduce fibrosis, inflammationexosomes\[[@bib74]\]miR-132PericytesEndothelial cellsinduce angiogenesisN/A\[[@bib45]\]miR-132Cardiac stem cellsEndothelial cellscardiac protection, induce angiogenesisexosomes\[[@bib35]\]miR-132Cardiac progenitor cellsCardiomyocytesinhibit cardiomyocyte apoptosisexosomes\[[@bib59]\]miR-133aHL-1N/Abiomarkerexosomes\[[@bib103]\]miR-133aCardiac stem cellsN/Acardiac protectionexosomes\[[@bib60]\]miR-133SerumN/Abiomarkerexosomes\[[@bib101]\] \[[@bib103]\] \[[@bib109]\]miR-146a-3pCardiac stem cellsEndothelial cellscardiac protectionexosomes\[[@bib35]\] \[[@bib59]\]miR-146aMature dendritic cellsN/Aregulate inflammatory responseexosomes\[[@bib81]\]\] \[[@bib85], [@bib84], [@bib83]\]miR-146aCardiosphere -derived cellsCardiomyocytesinhibit CM apoptosis and promote cardiomyocyte proliferationexosomes\[[@bib63]\]miR-143/145Endothelial cellsSmooth muscle cellsreduce atherosclerotic lesionsexosomes\[[@bib43]\]miR-144/451Cardiac stem cellsCardiomyocytescardiac protection in ischemia/reperfusionexosomes\[[@bib61]\]miR-144N/AN/Abiomarkermicrovesicles\[[@bib104]\]miR-146Endothelial cellsCardiomyocytesincrease capillary density, decrease cardiomyocyte apoptosisexosomes\[[@bib41]\]miR-148Mature dendritic cellsN/Aregulate inflammatory responsemicrovesicles\[[@bib81]\] \[[@bib83], [@bib84], [@bib85]\]miR-150blood cells/THP-1Endothelial cellsinduce migrationmicrovesicles\[[@bib88]\] \[[@bib89]\]miR-155Inflammatory cellsN/Aregulate inflammatory response, differentiation hematopoietic cellsmicrovesicles\[[@bib81]\] \[[@bib86]\] \[[@bib87]\] \[[@bib90]\]miR-155MacrophagesFibroblastsinhibit fibroblast proliferation, induce inflammatory responseexosomes\[[@bib95]\]miR-181bCardiospheresMacrophagesreduce infarct sizeexosomes\[[@bib68]\]miR-181bFibroblastsN/Acardiac protectionexosomes\[[@bib68]\]miR-192SerumN/Abiomarkerexosomes\[[@bib100]\]miR-194SerumN/Abiomarkerexosomes\[[@bib100]\]miR-210Cardiac stem cellsCardiomyocytescardiac protectionexosomes\[[@bib59]\]miR-210Cardiac stem cellsEndothelial cellsinduce angiogenesisexosomes\[[@bib35]\]miR-210Induced pluripotent stem cellsCardiomyocytesinhibit cardiomyocyte apoptosisexosomes\[[@bib71]\]miR-214Endothelial cellsEndothelial cellsinduce angiogenesisexosomes\[[@bib46]\]miR-221Immature dendritic cellsN/Aregulate inflammatory responsemicrovesicles\[[@bib81]\]miR-222Inflammatory cellsN/Aregulate inflammatory responsemicrovesicles\[[@bib81]\] \[[@bib90]\]miR-223Mesenchymal stem cellsN/Acardiac protectionExosomes\[[@bib73]\] \[[@bib76]\]miR-223MacrophagesMonocytes, Endothelial cells, Epithelial cells, fibroblastsdifferentiation monocytes and amplification of immune response; cardiac protectin, induce angiogenesismicrovesicles\[[@bib98]\]miR-290, miR-291, miR-294, miR-295Embryonic stem cellsCardiac progenitor cellscardiac protection, induce cardiac progenitor cell survivalexosomes\[[@bib70]\]miR-320CardiomyocytesEndothelial cellsimpair angiogenesisexosomes\[[@bib30]\] \[[@bib31]\] \[[@bib32]\]miR-378Mesenchymal stem cellsN/Ainduce fibrosis, inflammationexosomes\[[@bib74]\]miR-424N/AN/Aregulate inflammatory responseN/A\[[@bib90]\]miR-455CardiomyocytesN/Ainhibit fibrosisexosomes\[[@bib29]\]miR-503N/AN/Aregulate inflammatory responseN/A\[[@bib90]\]

3.1. Cardiomyocytes {#sec3.1}
-------------------

Despite being unable to complete the cell cycle division after the perinatal period, under certain stress conditions, CMs display hypertrophic growth that, when prolonged leads to irreversible cardiac damage and failure \[[@bib12]\]. Despite not being established as typical secretory cells, CMs can be induced to produce exosomes and MVs which, display a proteomic signature that clearly emphasizes their myocardial origin \[[@bib27]\]. For example, exposure of CMs to hypoxia can increase exosome secretion by two-fold, with their content being dependent on the duration and/or severity of the hypoxic conditions \[[@bib28]\]. To date, most of the available data derives from *in vitro* studies which, may explain the fact that little is yet known concerning the molecular signals that are transferred from CMs to other cardiac cell types through a EV-dependent manner.

CM-derived exosomes from exercised diabetic mice were shown to display high levels of miR-29 b and miR-455, compared to sedentary animals, and able to reduce cardiac fibrosis by downregulating MMP9 in the diabetic heart \[[@bib29]\]. In early stage diabetes, high glucose levels can lead to microvascular impairment due to endothelial dysfunction. In the heart, lack of sufficient angiogenesis will eventually cause ischemic CVD and HF. In Goto-Kakizaki (GK) rats, a model of type 2 diabetes, CMs generate miR-320 enriched exosomes which can be delivered to cardiac ECs and impair their proliferative, migratory and tube formation capacity, and thus leading to impaired angiogenesis in diabetic hearts \[[@bib30]\]. miR-320 was previously shown to repress pro-angiogenic factors such as insulin growth factor-1 (IGF-1) and V-Ets avian erythroblastosis virus E26 oncogene related (ETS2) \[[@bib31],[@bib32]\]. In agreement, incubation of human umbilical vein ECs (HUVECs) with glucose starved CMs-derived exosomes increased their proliferative and tubulogenesis capacity as these exosomes were shown to be enriched in 30 miRNAs that have been previously related to glucose metabolism, angiogenesis, cell survival and transport \[[@bib33]\]. Noteworthy, and despite clear evidence of exosome uptake into neonatal CMs and cell lines, only few studies report the uptake of exosomes into mature, adult cells, suggesting relatively little uptake of exosomes into CMs \[[@bib34],[@bib35]\]. *In vivo* evidence of exosome uptake into CMs is even more scarce and mostly limited to indirect demonstration of altered gene expression profiles.

3.2. Endothelial cells {#sec3.2}
----------------------

ECs are key regulators of vascular homeostasis that besides functioning as a barrier, also play an active role in transducing circulatory interference and, consequently, changing the vessel phenotype \[[@bib36]\]. Cardiac pathophysiological stimuli that alter EC function and oxygen supply often lead to vascular rarefaction involving capillaries and small arterioles \[[@bib37],[@bib38]\]. When triggered by specific coronary risk factors, ECs can induce a dysfunctional vessel phenotype that will eventually cause inflammation, vasoconstriction, thrombosis and atherosclerotic lesions \[[@bib39]\]. In the heart, vascular endothelial growth factor (VEGF) is initially upregulated by hypertrophic stimuli, allowing both cardiac growth and angiogenesis to be coordinated. This may be considered as an adaptive phase of cardiac hypertrophy. Transition to HF occurs when the balance is disturbed with consequent downregulation of VEGF followed by impaired angiogenesis, increased collagen and ECM deposition \[[@bib40]\].

The release of exosomes by ECs in regard to HF was firstly described by Halkein and colleagues \[[@bib41]\] in a study reporting that in women affected by peripartum cardiomyopathy, ECs release miR-146-enriched exosomes in a process mediated by a 16-kDa prolactin fragment (16 K PRL). This EC-derived miR-146, once uptaken by CMs will interfere with their physiological metabolism and contraction capability, ultimately leading to CM hypertrophic growth. Since the therapeutic administration of antagomir-146 was not sufficient to completely rescue the peripartum cardiomyopathy phenotype, this suggests that this miRNA does not affect the upstream pathomechanisms of 16 K PRL \[[@bib41]\].

Exosomes are, however, not the only EVs to have an active role in cell-cell communication, also ABs can transfer miRNAs from one cell to another. In response to specific pro-apoptotic stimuli, ECs are induced to release miR-126-enriched ABs which, in other recipient vascular cells will induce the production of C-X-C motif chemokine ligand 12 (CXCL12) \[[@bib42]\]. This chemokine was shown to mobilize progenitor cells from the bone marrow and, in atherosclerotic conditions, to exert an anti-inflammatory and plaque-stabilizing role \[[@bib42]\]. Furthermore, Krüppel Like Factor 2 (KLF2) is also known to have an atheroprotective role when ECs are exposed to shear stress conditions \[[@bib43]\]. KLF2 overexpression in ECs induces the release of exosomes that are enriched in miR-143/145 which in turn can be taken up by SMCs and directly affect their function \[[@bib43]\]. These findings may explain why KLF2-deficient mice display severe SMC impairment \[[@bib44]\]. Moreover, exosomes derived from overexpression of KLF2 in ECs were able to reduce the atherosclerotic lesions *in vivo* in a miR-143/145 dependent manner, while EVs derived from non-treated ECs did not have the same effect \[[@bib43]\].

It is not always clear how miRNAs are transported from cell to cell. For example, under hypoxic conditions, pericytes are able to produce and release miR-132 that once taken up by ECs will result in increased endothelial pro-angiogenic capacity \[[@bib45]\]. However, how miR-132 is transported from one cell to the other has yet to be clarified.

The cross-talk between ECs should also be taken into account. Exosomes released by ECs display a high content of miR-214 which can be transferred to other (recipient) ECs and stimulate angiogenesis \[[@bib46]\]. Noteworthy, the levels of miR-214 in the recipient EC were not significantly increased after exposure to exosomes, suggesting that senescent ECs with normally low miR-214 expression, are rescued by embodying exosome-derived miR-214 derived from neighbouring ECs \[[@bib46]\]. In fact, one of the validated target genes of miR-214 is ATM Serine/Threonine Kinase (ATM), known to prevent cell cycle progression to induce senescence. Additionally, treatment of mice with miR-214-enriched exosomes resulted in increased number of blood vessels after 2 weeks, compared to control groups \[[@bib46]\].

3.3. Fibroblasts {#sec3.3}
----------------

Cardiac fibroblasts (CFBs), main players in cardiac fibrosis, are involved in reparative mechanisms, fibrotic processes and therefore, actively proliferating in infarcted hearts \[[@bib47],[@bib48]\]. ECM is a complex network of fibres providing structural support to the heart, allowing connections between cells and also supplying its surrounding environment with cytokines and growth factors. Under pathological conditions, autocrine and paracrine signals lead to alterations in ECM structural components and subsequent activation of CFBs to increase secretion of ECM proteins such as periostin, fibronectin, collagens, metalloproteinase (MMPs) and MMP inhibitors (TIMPs). These changes culminate in the development of cardiac fibrosis, ventricular stiffening and inflammation as response to the initial cardiac insult \[[@bib49]\].

Mice subjected to cardiac pressure overload by transverse aortic constriction shown increased levels of miR-21-3p in their pericardial fluid compared to sham-operated animals \[[@bib50]\]. Evaluation of the miRNA content of CFBs-derived exosomes, under those conditions, revealed the abundance of many miRNA\*, one of them being miR-21--3p (miR-21\*) \[[@bib51]\]. While this miRNA was shown to induce hypertrophy of CMs in a paracrine fashion through crosstalk between CFBs and CMs, its inhibition blunted cardiac hypertrophy in a mouse model of Angiotensin II-induced HF. miR-21-3p induces cardiac hypertrophy by downregulating Sorbin and SH3 Domain Containing 2 (SORBS2) or PDZ and LIM Domain 5 (PDLIM5), both known as regulators of cardiac muscle structure and function \[[@bib51]\]. Interestingly, miR-21 in FBs induces HF in humans and mice; nonetheless, miR-21 in CMs does not seem to influence their morphology or size nor to play a functional role. However, FB-derived miR-21-3p induces hypertrophy in CM, demonstrating how the passenger strand, is not always degraded, but can have a role as mature miRNA \[[@bib51]\].

More recently, Tian et al. \[[@bib52]\] investigated the effect of tumor necrosis factor (TNFα)-activated FB-derived exosomes on CMs. Although miR-27, miR-28 and miR-34 are more abundant in the exosomes from each cell type following TNFα stimulation, their endogenous expression unaltered in the mother cells, suggesting a selective loading of these miRNAs into exosomes as a cellular response to a pathological stimulus. Exosomes from either CMs or FBs are internalized in each cell type, followed by TNFα-dependent EV-mediated inhibition of nuclear factor E2--related factor-2 (Nrf2). As consequence, expression of Nrf2 downstream targets is decreased whereas expression of pathological remodeling-related genes is increased, after exposing CMs to TNFα-activated CFBs-derived EVs.

3.4. Stem cells {#sec3.4}
---------------

Acute myocardial infarct (AMI) causes the loss of over one billion CMs and, for this reason, stem cells have been used to induce regeneration of the injured cardiac tissue. While the effect of stem cell transplantation is mostly limited by the ratio between the number of cells injected and the number of cells that will engraft and replace the lost tissue, several studies have now shown that cardiac function, after AMI, can be significantly improved, independently of low engraftment \[[@bib53],[@bib54]\]. Over the years, many showed that transplanted stem cells mediate their benefits via indirect mechanisms such as recruitment of endogenous progenitors, induction of angiogenesis, protection of existing CMs and reduction in fibrosis and inflammation \[[@bib55],[@bib56]\]. Despite considerable controversy on the mechanisms behind stem cell-mediated cardiac repair, several recent studies report the stem cell\'s capability of releasing paracrine effectors through exosomes and, in this way, of exert functional effects on the recipient cells by mimicking the effect of their own parent cell of origin \[[@bib57],[@bib58]\].

Cardiac progenitor cells (CPCs) are pre-committed to cardiovascular lineages which could confer them unique regeneration potential in cardiac disease. CPCs are able to secrete, under hypoxic conditions such as MI, pro-regenerative exosomes capable of inducing tube formation, proliferation and migration in recipient ECs \[[@bib35]\]. These exosomes are enriched in miR-210, miR-132 and miR-146a-3p, and therefore, also able to reduce fibrosis and enhance cardiac function in a rat model of ischemia-reperfusion (IR) \[[@bib35]\]. Furthermore, elevated miR-210 and miR-132 levels may account for inhibition of CM apoptosis and promote endothelial tube formation, respectively \[[@bib59]\]. These findings demonstrate how hypoxia is able to induce a cardiac regenerative response via CPC-derived exosomes, whereas control conditions are associated with reduced progenitor cell repair capability. Important to take into consideration is the importance of the cell type secreting exosomes. Rats that were subjected to a MI and injected with CPC-derived EVs into the infarct border zone, displayed decreased CM apoptosis, increased blood vessel density, reduced scar size and improved cardiac function \[[@bib59]\]. In contrast, treatment with FB-derived EVs did not result in similar therapeutic effects. Analysis of the CPC-derived EV content revealed an enrichment of miR-210, miR-132 and miR-146a-3p, which was not found in FB-derived EVs \[[@bib59]\]. In a different study, the highly cardiac abundant miR-133a, was also detected in high levels in CPC-derived exosomes and associated to cardioprotective effects \[[@bib60]\]. Furthermore, CPC-derived exosomes also confer CM protection from oxidative stress as shown by reduced CM apoptosis after administration of CPC-derived exosomes to mice that were subjected to IR \[[@bib61]\]. Analysis of the exosomal content under these conditions revealed an enrichment of miR-451:miR-144/451 cluster, known by its protective role in IR/injury \[[@bib61]\]. In a recent study, exosomes released from human CPCs derived from right atrial appendages from children at different ages undergoing cardiac surgery for congenital heart defects, were shown to improve cardiac function independent of the oxygen levels. For CPC-derived exosomes from older children, this was only observed after subjecting the exosomes to hypoxia. The authors could link age and oxygen levels to specific miRNA profiles of different human CPCs-derived exosomes \[[@bib62]\].

Similar results were obtained upon injection of cardiosphere (CDCs)-derived exosomes in mice subjected to MI \[[@bib63]\]. CDCs are a peculiar type of cardiac-derived stem cells that are expanded *ex vivo* from patient cardiac biopsies \[[@bib64]\] and that were shown to improve cardiac function when delivered to the ischemic myocardium in preclinical models \[[@bib65],[@bib66]\]. In MI, injection of CDCs-derived exosomes induced a smaller scar, increased wall thickness and viable mass while lower cytokine levels were detected, compared to mice injected with normal human dermal fibroblasts (NHDFs)-derived exosomes \[[@bib63]\]. Comparable effects were observed when exosomes were injected 21 days after MI, accompanied by increased capillary density and decreased number of apoptotic CMs \[[@bib63]\]. These cardioprotective effects are associated with an enrichment of exosomal miR-146, a known cell cycle regulator that is also involved in pathways that govern cell morphology and organization \[[@bib63]\]. Human CDC-derived exosomes were shown to be protective in pig models of acute and chronic cardiac ischemia upon intra-myocardial delivery \[[@bib67]\], even though a mild immune response was observed. Notably, administration of CDC-derived exosomes 20--30 min after reperfusion was still able to reduce infarct size in both rat and pig models of MI, measured after 48 h \[[@bib68]\]. The observed effects were attributed to exosomal transfer of miR-181 b from CDCs into macrophages and reduction of PKCδ transcript levels \[[@bib68]\]. In fact, selective loading of FB-derived exosomes with miR-181 b also results in cardioprotection \[[@bib68]\].

Pluripotent stem cells including embryonic stem cells (ESC) and induced pluripotent stem cells (iPSCs), also have great potential for cardiac regeneration because of their differentiation ability under defined conditions \[[@bib69]\]. However, due to immunogenicity and ethical issues, their clinical use is currently limited. Despite both cell types showing low retention and survival in the heart, ESC-derived exosomes induced cardioprotective effects by transferring specific miRNAs to the recipient cells. In fact, treatment of infarcted mouse hearts with ESC-derived exosomes resulted in increased CPC survival and proliferation with subsequent improved cardiac function, in a process that involves increased exosomal levels of miR-290 family members including miR-291, miR-294 and miR-295 \[[@bib70]\]. Similarly, in a mouse model of myocardial I/R injury, treatment with iPSCs-derived exosomes reduced CM apoptosis 24 h after reperfusion as a result of exosomal miR-21 and miR-210 uptake \[[@bib71]\].

Mesenchymal stem cells (MSCs) are the most studied stem cell type in the treatment of CVDs. These cells can be obtained from multiple tissues \[[@bib72]\] and were shown to induce resistance of CMs to ischemic stress through exosome release. Increased levels of miR-22 in those exosomes, accounts for the observed effects through direct targeting of methyl-CpG-binding protein 2 (Mecp2), a protein that is upregulated in infarcted hearts, and which knockdown promotes reduction of apoptosis in ischemic myocardium \[[@bib73]\]. MSC-derived exosomes were also found to reduce fibrosis, inflammation and preserving cardiac function after MI, as they are depleted of miR-130, miR-378, and miR-34, all known to negatively regulate cardiac function, and enriched in miR-29 and miR-24, both positive regulators of myocardial function \[[@bib74]\]. Accordingly, treatment of cardiac stem cells (CSCs) with MSC-derived exosomes, prior to injection in a rat model of MI, resulted in enhanced myocardial repair, increased capillary density, reduced cardiac fibrosis and hence, improved cardiac function \[[@bib75]\]. These cardioprotective characteristics of MSC-derived EVs has also been associated with increased levels of miR-22 and miR-223 in different studies \[[@bib73],[@bib76]\]. In bone marrow-derived MSCs (BMMSCs), overexpression of GATA4 resulted in increased miR-19a levels in exosomes which, in turn, enhanced CM resistance to hypoxia and decreased CM apoptosis and subsequently, improved cardiac function and decreased infarct areas in mice subjected to MI \[[@bib77]\]. However, such protective effects need better understanding as pretreatment of CSCs with BMMSC-derived exosomes resulted in decreased survival rate and angiogenic capacity of CSCs after transplantation, most likely due to miRNA regulation \[[@bib75]\].

More recently, several studies have implicated exosomes in adipose-derived stem cell (ADSC) transplant-mediated ischemic heart disease (IHD) therapy. Administration of ADSC-derived exosomes to infarcted hearts prevented myocardial damage by conferring protection from apoptosis, inflammation, fibrosis and impaired angiogenesis, by means of a miR-126-mediated process \[[@bib78]\].

3.5. Inflammatory cells {#sec3.5}
-----------------------

Innate and adaptive immune responses play a crucial role in the pathogenesis of several CVDs. Upon injury, activation of inflammatory pathways takes place and recruitment of several immune cell types to the damaged tissue is initiated. Upon myocardial injury, this complex biological response is required not only during the initiation, maintenance and resolution phases of tissue repair, but also for clearing out necrotic cells and damaged tissues. As defects in resolution of inflammation promote pathologic cardiac remodeling, a tight control of the inflammatory response in the heart is determinant for cardiac protection upon injury. IHD is characterized by necrosis of CMs, caused by prolonged ischemia upon obstruction of one or more coronary arteries \[[@bib79]\]. Cardiac injury triggers an immune response of the injured tissue in an attempt to repair and heal the infarcted heart. However, as the injury persists, an impairment of the inflammatory response leads to cellular, molecular and functional alterations \[[@bib80]\]. HF is a result of prolonged and insufficiently repressed inflammation, typically preceded by hypertrophic growth cardiac myocytes and ECM deposition by CFBs. Contrary to what is already known for other cells involved in CVDs, today, little is known yet about intercellular communication between cardiac and immune cells, mediated by EVs. Nevertheless, miRNA-enriched EVs, released by different cell types may represent a new potential class of biological molecules capable of activating or suppressing the inflammatory response, representing a potential tool for the regulation of inflammation in CVDs. The immune cells mostly involved in the degenerative process of inflammation and shown to secreted miRNA-enriched EVs are dendritic cells (DCs), monocytes and macrophages.

*Dendritic cells.* These antigen-presenting cells acts as messengers between the innate and adaptive immune system and are prevalently involved in atherosclerosis, a chronic cardiac inflammatory disease. Montecalvo et al. \[[@bib81]\] demonstrated that DC-derived MVs are enriched in specific miRNAs, depending on their maturation stage: MVs from immature DCs carried more miR-21, miR-34a, miR-221 and miR-222; and mature DC-derived MVs contained higher levels of miR-125 b-5p, miR-146a, miR-148 and miR-155. These findings suggest that those miRNAs are able to target specific mRNAs implicated in the regulation of the different phases of the inflammatory response. Whereas miR-34a and miR-21 are known to induce differentiation of hematopoietic precursors into myeloid DCs, acting respectively on their target genes: JAG1 and WNT1 \[[@bib82]\]; miR-125 b-5p, miR-146a and miR-148 are negative regulators of pro-inflammatory transcripts in myeloid cells and DCs \[[@bib83], [@bib84], [@bib85]\]. miR-155, in turn, is a prominent player in the hematopoietic lineage, involved in the control of inflammatory response in human DCs as being up-regulated in the maturation of these cells \[[@bib86]\]. The regulation and maturation of DCs mediated by this miRNA is crucial to promote antigen-specific T-cell activation and silencing of the proto-oncogene C-Fos by miR-155 can compromise DC maturation and function and, subsequently, downregulate T cell proliferation \[[@bib87]\].

*Monocytes*. Chemokine release at the injury site is responsible for the recruitment of monocytes from the bone marrow to the damaged tissue. In turn, monocytes are involved in the recruitment of other macrophages to the infarct border zone, promoting cardiac inflammation, tissue injury, and myocardial fibrosis. As monocyte chemotactic protein 1 (MCP1/CCL2) are potent chemoattractants for monocytes/macrophages to the healing myocardium, MCP1--deficient animals exhibit reduced and delayed infiltration of mononuclear cells after MI \[[@bib88]\]. *In vitro* studies demonstrated that miR-150 within MVs derived from either human blood cells or a cultured monocytic cell line (THP-1) is able to enter ECs and stimulate their migratory capacities \[[@bib88]\]. *In vivo*, intravenous injection of THP-1-derived MVs significantly increase the level of miR-150 expression in different blood vessels \[[@bib88]\]. In agreement, plasma-derived MVs, isolated from patients with severe atherosclerosis contained higher levels of miR-150 when compared to healthy donors \[[@bib89]\]. Once infiltrated into the arterial wall, monocytes differentiate into macrophages in a process involving several miRNAs such as miR-155, miR-222, miR-424 and miR-503 \[[@bib90]\]. In contrast, other miRNAs such as miR-17, miR-20a and miR-106 are able to suppress monocyte differentiation by direct inhibition of the transcription factor acute myeloid leukemia-1 (AML-1) and indirect down-regulation of macrophage-colony-stimulating factor receptor \[[@bib91]\]. Interestingly, after a MI, there is a significant increase in vascular cell adhesion protein 1 (VCAM-1)-positive EV release by ECs \[[@bib92]\]. When injected in mice, such vesicles localize to the spleen and, by interacting with splenic monocytes, they will interfere with monocyte motility--associated genes and regulate integrins that favor tissue recruitment \[[@bib92]\]. These findings demonstrate that the ischemic myocardium signals through different cell types to induce both monocyte mobilization and transcriptional activation upon MI.

*Macrophages*. Two different kinds of macrophages can be found in the heart: the recruited macrophages and resident cardiac macrophages. Upon tissue injury, large numbers of inflammatory monocytes or macrophage precursors, are recruited from the bone marrow and peripheral blood, via chemokine gradients and various adhesion molecules, to the heart \[[@bib93]\]. Distinctly, cardiac macrophages are predominantly derived from the yolk sac, during embryogenesis, and foetal liver. Both recruited and resident macrophages undergo marked phenotypic and functional changes in response to growth factors and cytokines released in the local tissue microenvironment. Based on their phenotype, surface markers and role in the inflammatory process, macrophages can be classified as M1 or M2 with different roles in the progression of CVDs. The first phases of inflammation are dominated by M1 macrophages, implicated in tissue degradation, whereas during the later stages, M2 macrophages are mostly involved in the suppression of tissue-damaging inflammatory response, in order to restore the normal tissue architecture. The M2 macrophages express high levels of anti-inflammatory genes in addition of pro-inflammatory genes, which are mostly expressed by M1 macrophages. In most cases, this process is not controlled effectively, so persistent inflammation and/or maladaptive repair processes lead to tissue-destructive fibrosis \[[@bib94]\]. The pathophysiology by which macrophages and macrophage phenotypes influence cardiac hypertrophy, fibrosis, and remodeling is poorly understood. Multiple subsets of macrophage population exist, each having unique functions. In MI, miR-155 plays an important role in the communication between macrophages and FBs \[[@bib95]\]. While miR-155 is upregulated in both cells, macrophages are the ones to deliver miR-155 to CFBs through exosomes. This transfer is responsible for suppressing FB proliferation and promoting inflammation as miR-155-deficient mice display reduced inflammation and improved cardiac function \[[@bib95]\]. Furthermore, this miRNA is also able to modulate macrophage polarization by favouring the M2 phenotype through activation of signal transduced and activator of transcription 6 (STAT6) and CCAAT/enhancer binding protein (C/EBPs) pathway, confirming its pro-inflammatory role in macrophages \[[@bib96],[@bib97]\].

Other miRNAs are known for their capacity to modulate the activity and inflammatory response of macrophages, even if the communication route between them is not yet clear. Macrophages at inflammation areas are able to induce the differentiation of naïve monocytes, amplifying the immune response in the damaged tissue. This is mainly possible due to a macrophage-derived MV transfer of miR-223 to target cells, including monocytes, ECs, epithelial cells and FBs \[[@bib98]\].

3.6. Plasma exosomes {#sec3.6}
--------------------

The mechanisms underlying the protective effects of remote ischemic preconditioning on cardiac IR injury remain poorly understood. A recent study partially attributes this protective effect to plasma exosomes. Exosomes and other EVs are highly abundant in blood and may, therefore, mediate communication between cells or organs in one organism. Exosomes that were isolated from either human or rat blood were shown to be cardioprotective upon MI. Although the mechanisms driving the observed effects are not yet well understood, a recent study showed that upon remote ischemic preconditioning, plasma exosomes are enriched in miR-24 which is responsible for apoptosis inhibition in cardiomyocytes *in vitro*. In addition, rats subjected to IR and injected with remote ischemic preconditioning-derived exosomes, exhibited lower ejection fraction and reduced scar formation when compared to control rats \[[@bib99]\].

4. Extracellular vesicles as biomarkers in cardiovascular disease {#sec4}
=================================================================

Exosomes can also be important biomarkers of onset of HF as their cargo is representative of the pathophysiological status of the source cells. Due to their presence in most body fluids, exosomes are currently being studies as potential sources of diagnostic and prognostic markers. Analysis of miRNA expression levels in sera collected 18 days after AMI of patients that developed HF within 1 year after AMI revealed increased levels of miR-192, -194 and −34a. Notably, isolated sera exosomes showed an enrichment of these same miRNAs, demonstrating that they do not derive by simple leakage of the necrotic myocardium, but were actively secreted via exosomes \[[@bib100]\]. It has also been demonstrated that serum levels of miR-1 and mir-133 are elevated after early onset chest pain, despite no detection of creatine phosphokinase (CPK) or troponin T (TnT) \[[@bib101]\]. miR-1 levels decrease, however, more rapidly than the ones of miR-133 in acute coronary syndrome patients suggesting differences in exosome release from an injured heart. In fact, a microarray demonstrated that miRNAs are released from both the infarcted and peri-infarcted myocardium \[[@bib101]\].

Diabetes, not only induces angiogenic impairment, as mentioned earlier, but also myocardial steatosis, a non-ischemic cardiomyopathy in which CM uptake lipids \[[@bib102]\]. Identification of myocardial steatosis is clinically relevant since this is a marker allowing early identification of patients at high risk of developing type 2 diabetes. Serum of type 2 diabetes patients was found enriched in miR-1 and miR-133a, independently confounding factor, and strongly correlated with development of myocardial steatosis \[[@bib103]\]. *In vitro*, accumulation of neutral lipids in cardiac muscle cell line (HL1) induced the release of miR-1 and miR-133a via exosomes, and not by packaging in lipoproteins, as a way of transport for these miRNAs during extracellular communication \[[@bib103]\]. These results, besides emphasizing the responsiveness of miR-1 and miR-133a to cardiac stress, also demonstrate how their levels in circulation can be a predicting factor of ischemia-induced HF and type 2 diabetic cardiomyopathy.

Although IR injury leads to decreased myocardial expression levels of miR-144, in response to remote ischemic preconditioning (rIPC) the expression of this miRNA is elevated \[[@bib104]\]. Accordingly, administration of miR-144 to mice subjected to IR resulted in cardio-protection. Analysis of mouse and human plasma-derived microparticles, under rIPC conditions, revealed an enrichment of miR-144 precursors, but not of its mature form which, instead, was found in the exosome-free plasma supernatant \[[@bib104]\]. Additional experiments demonstrated co-immunoprecipitation of plasma miR-144 with Argonaute 2 (Ago-2), implying a new way of miRNA transfer in the heart \[[@bib104]\].

Interestingly, exosomes in the human pericardial fluid (PF) were recently shown to contain a very distinct set of miRNAs that may be representative of the functional endogenous miRNAs that are released specifically from the heart in comparison with the peripheral circulation \[[@bib105]\]. PF-derived exosomes induce EC survival and proliferation *in vitro* and restored their angiogenic capacity even when depleted of endogenous miRNAs by silencing of Dicer. *In vivo*, these exosomes were beneficial in blood-flow recovery and angiogenesis after MI, an effect that was attributed to let-7b-5p, a proangiogenic miRNA \[[@bib105]\].

5. Communication between organs {#sec5}
===============================

More and more evidence show that exosomes can act on different organs. Adipose tissue is an important source of circulating exosomal miRNAs, which can be taken up by other organs, such as liver and influence their gene expression profiles \[[@bib106]\]. Whereas in the past years, few studies clearly showed how exosomes can cross the brain-blood barrier \[[@bib107],[@bib108]\]; there is only very few evidence of EV transfer through the maternal-fetal barrier \[[@bib109]\]. Pregnant diabetic mice show high rates of still-birth, with consequent abortion or the surviving fetuses displaying severe malformations and cardiac development deficiencies \[[@bib109]\]. Looking into the exosomal miRNA profiles of diabetic mice, 92 miRNAs were found decreased, whereas 218 miRNAs were enriched, compared to control mice. Within the enriched miRNAs, there were miR-133, miR-30, miR-99, miR-23, all known to play important roles during cardiac development \[[@bib109]\]. Furthermore, labelled maternal exosomes could be tracked in the fetuses already at E14.5 and E16.5, confirming that EVs are able to cross the maternal-foetus barrier. In fact, by injecting diabetic mice-derived exosomes, in pregnant healthy mice, a higher incidence of embryonic deformity and severe myocardial malformations was observed, similar to the phenotypes observed in fetuses from diabetic pregnant rats \[[@bib109]\].

6. Extracellular vesicles as therapy for cardiovascular disease {#sec6}
===============================================================

Over the past years, different innovative stem cell-based therapies have been developed to repair the injured myocardium and therefore increase quality of life of CVD patients. Any benefits from such therapies seem to result from the release of paracrine factors through EVs. In this sense, stem cell-derived EV mays serve as an alternative for stem-cell therapy.

However, exosome/EV research is a relatively novel field and there are many challenges ahead to be able to use them as biomedical tools. One of the main issues is that there is still no established standardized method to unequivocally isolate and characterize the different types of EVs. Furthermore, off-target effects of potential EV-based therapies also need to be taken into consideration as they could induce detrimental effects depending on the type and (patho)physiological status of the recipient cell. This has been shown for bone-marrow MSC-derived EVs which, *in vivo*, are able to stimulate tumor vascularization \[[@bib110]\].

Due to their characteristics, e.g. small size, natural stability, resistant membrane, own specific biological molecules and capacity to evade the immune system and circulate all over the organism, makes them the ultimate drug delivery vehicle \[[@bib108]\]. Besides the possibility of selectively modifying their content, EVs can also be loaded with different therapeutic cargos including miRNAs, small interfering RNAs (siRNAs), mRNAs or even proteins \[[@bib111],[@bib112]\]. There are different ways to incorporate specific cargos into EVs \[[@bib113]\] but the most common is through electroporation of isolated and purified EVs. Despite requiring extensive optimization to prevent load precipitation and/or EV aggregation, this method was shown successful in loading of small molecules such as doxorubicin \[[@bib114]\], curcumin \[[@bib115]\] and miRNas or siRNAs \[[@bib107]\]. In vitro incorporation of specific cargos in EVs can be either passively or actively accomplished with the first method making use of the cellular native trafficking system to load therapeutic cargos such as proteins or small RNAs, and the second, normally requiring genetic fusion of the therapeutic cargo with a protein that is regularly expressed and localized in EVs \[[@bib113]\]. Furthermore, it is also possible to fuse targeting peptides to the N-terminus of Lamp2b which is ubiquitously expressed in EVs \[[@bib107]\]. Fusion of a specific peptide to target the central nervous system and deliver beta-secretase 1 (BACE1) siRNA-loaded exosomes resulted in efficient silencing of BACE1 only in the mouse brain, demonstrating an efficient and specific delivery of the cargo to the tissue of interest. Moreover, the immune response observed in mice receiving the peptide-fused exosomes was comparable to control mice, regarding serum levels of interleukin-6 (IL-6), Interferon-γ-induced protein 10 (INF-γ−IP-10) and TNF-α \[[@bib107]\].

Another important issue to address is the biodistribution and clearance of injected EVs over time. In mice, successful attempts to follow EVs in time were achieved by engineering EVs with Gaussia luciferase and metabolic biotinylation (GlucB) reporter fused with a biotin acceptor domain so that the streptavidin conjugated vesicles could be traced both *in vitro* and *in vivo*, in a non-invasive way \[[@bib116]\]. First traces of EV-GlucB in the urine were found 60 min after injection and at 360 min there was minimal detection in some organs such as the spleen. In a different study, delivery of biotinylated B-cell-derived EVs resulted in detection in macrophages 5 min after intravenous injection. With a half-life of 2 min, these vesicles exhibit a rapid elimination kinetics most likely due to the fact that the recipient cells were mainly resident macrophages of the spleen and liver \[[@bib117]\].

While challenges associated with purity and yield of EV preparations may be circumvented by the development of artificial nanovesicles or exosomes-mimetic nanovesicles \[[@bib118], [@bib119], [@bib120]\], and despite major recent developments in the field of exosome biology, a better understanding of exosome/EV biology is still required to develop new exosome-based therapeutic tools.

7. Conclusions {#sec7}
==============

Exosome research is a relatively novel field and there are many challenges ahead to be able to use EVs as biomedical tools. Despite the limitations, exosomes are stable cargos, with very low immunogenicity and therefore, suitable for delivery strategies. Many steps forward have been taken towards exosome-based therapy, especially in cancer research \[[@bib121]\], and a few clinical trials are already in phase II. In non-small cell lung cancer, DC-derived EVs are able to exert natural killer (NK) cell effector functions and boost the NK cell arm of antitumor immunity in patients with advanced non-small-cell lung carcinoma (NSCLC) \[[@bib122]\]. These are promising strategies for exosome therapeutic application from which the cardiovascular field can learn. As mentioned above, exosomes already show clinical as potential biomarkers not only in cancer research \[[@bib123]\], but also in the cardiovascular field. This non-invasive approach however, still requires further validation, especially if to be extended for screening. Nevertheless, unveiling EV cargos and the transferred information associated with different pathological conditions, will provide us with valuable information that we can apply in the development of new EV-based therapies and/or development of diagnostic/prognostic biomarkers for HF and different CVDs.
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